The characteristics of the Rayleigh wave response to dip-slip motion along a vertical fault plane are investigated. The sources are located at various depths in the crust of a shield structure. Results are given in the form of frequency spectra of the displacement at the free surface. Both individual modes and combinations of the modes are treated.
Introduction
Earthquake surface waves at distance from an earthquake are well known to give diagnostic information about Earth structure. The usual technique for obtaining this diagnostic information is to perform a spectral analysis of individual modes of the seismogram. The information that is obtained in this way leads to an inverse problem for local structure at long range if the two-station phase velocity method is used; it leads to an inverse problem for the path between the focus and the station at long range if the single-station phase velocity method is used. The partition of amplitudes among the various modes is, in principle, a diagnostic for the source parameters.
However, when using the single-station method with near events, it is not possible to isolate the individual modes in order to obtain phase velocity curves, with the frequency band-pass and group-velocity filtering techniques in common use. Hence, spectral methods are inadequate for this study. To make use of the short-period surface wave information from near events it is probably necessary to compare the observed signal with a theoretical signal directly in the time domain. To obtain a theoretical seismogram in the time domain requires familiarity with (1) the dispersion and propagation (eigenvector) characteristics of the fundamental and higher mode surface waves; (2) the relative excitation and phases of these modes from various sources; and (3) the relative attenuation due to the anelasticity of the Earth.
A preliminary study of this problem for the Love wave portion of the seismogram is given by Schwab & Knopoff (1971 . Examples, and details concerning the computation of theoretical seismograms for Love waves are given by Knopoff, Schwab & Kausel (1973) ; these calculations involve a knowledge and superposition of the response for a number of higher modes as well as the fundamental.
The study of the short-period multimode dispersion and propagation characteristics of Rayleigh waves has been given by Panza, Schwab & Knopoff (1972) . To continue to the next phase of the program we must calculate the relative excitation and phases of the various modes of Rayleigh waves excited by various sources. We have divided the report of this section of the work into three parts. In this paper we give some basic 266 C . F. Panza, F. A. Schwab and L. Knopoff information for the calculation of the point-source response, including a clarification of a few confusing aspects of these calculations, and treat the response to one specific class of dip-slip sources in detail. We have found certain regularities in the responses which make the summary for other focal mechanisms much easier. In the later contributions we will give brief summaries of the short-period, multimode response characteristics for dip-slip sources and strike-slip sources.
Having stated above that it is most useful to describe the surface wave seismogram at short range in terms of its representation as a time series, we shall take a somewhat less rigid position with regard to the calculation of spectra. The reason for this is that we shall show below that generally at a given period, only one mode of Rayleigh waves dominates in amplitude over all the others. Thus, to a good approximation, the Rayleigh wave portion of the seismogram has the property that a group of waves of a given period appears to occur at only one time on the seismogram, although the mode number, to be identified with a given period group, changes in different parts of the seismogram. Thus, in fact, interferences between modes are predicted to be small, and we can restore some hope for performing spectral analysis of the Rayleigh wave portion of the seismogram at short range. Hence, as we shall show, there is reason to believe that we can treat the Rayleigh wave portion of the seismogram at short range by the usual phase representation; we shall, however, be obliged to think in terms of an apparent phase velocity dispersion curve which is rather different from the one for an individual mode, to which we are accustomed when handling recordings made at long range.
An important consequence of the phase analysis is obtained by the following reasoning. The frequency dependence of the apparent phase velocity of the fundamental mode is commonly used to obtain structural information when the apparent initial phase of the source is known from the fault plane solution. The roles of structure and source can, however, be reversed: If the structure or, what is equivalent, the true phase velocities are known for the epicentre-receiver path for a number of modes, the measured apparent phase velocity can be used to obtain the apparent initial phase at the source; this is useful information for the determination of the focal mechanism. Even when the true phase velocity is unknown, the fact that certain types of focal mechanisms produce abrupt jumps in the measured phase can be used to advantage. The period at which such a jump occurs can often be used to determine the approximate source depth. We will show a number of examples of this in the later papers in this sequence, although it will also be seen in the results predicted for the sources with smallest focal depth discussed in this paper.
Fault model of an earthquake
Ben-Menahem & Harkrider (1964) developed the formalism necessary for the study of point sources in multilayered media. The confusion concerning the equivalent forces needed to replace a displacement dislocation was removed by Burridge & Knopoff (1964) . To avoid any additional confusion which may arise concerning this point, we will be as explicit as possible in our use of equivalent forces.
We take, as a reasonable model of the earthquake, a non-propagating jump in displacement across the fault plane, with continuous normal stresses across this plane.
Bumdge & Knopoff considered the problem of the force which would have to be applied in the absence of the fault to produce the same radiation pattern as a given dislocation. They found that the equivalent forces which must be applied depend only upon the source mechanism and elastic properties of the medium in the immediate vicinity of the fault, and not upon any reflecting surfaces or other inhomogeneities which may be present in the medium. For the earthquake model we have selected, the equivalent force in a locally homogeneous medium is the double couple without moment.
In Fig. I (a), a fault is shown before and after dislocation. The fault plane is the plane of separation between the two blocks. The dislocation is described in Cartesian co-ordinates in Fig. 1 @) , where x1 and x2 lie in the fault plane, and xg is perpendicular to it; x1 is parallel to the displacement on the fault. The jump in displacement, u, can be written as in the figure, using the notation of Burridge & Knopoff. Fig. I(c) shows the equivalent point forces for an unfaulted medium. The quantity e,(x, t ) represents the couple whose forces act in the x1 direction, while eg(x, t) represents the couple whose forces act in the x3 direction.
In Fig. 2 we show a co-ordinate system associated with the free surface; the presence of the fault plane is included to connect this co-ordinate system with the actual faulting. The quantity h is the depth of the focus, 8 is the azimuth of the station with respect to the strike line, 6 is the dip angle, A is the slip angle, and s represents the direction of the displacement dislocation of the hanging wall relative to the foot wall.
We consider the radiation pattern for the double couple in order to obtain the surface wave response at the free surface for the various modes of low order.
For a vertical point-force singlet at depth h, the vertical and radial components of the Rayleigh wave displacement at the free surface are given by Harkrider (1964) . For the j-th mode, the dependence upon r is just HJ2)(kj r) or H,(')(k, r). Harkrider also gives the response to a horizontal point-force singlet. This case involves the radial dependence H,")(kj r)/k, r, as well as those above. The response to a singlet of arbitrary orientation is obtained by a suitable linear combination of the response to a vertical and a horizontal singlet. There is therefore no change in the form of the radial dependence of the response.
The Rayleigh wave response to a point-force couple is obtained from the singlet response by differentiating the latter in the direction of the moment arm, which is normal to the fault plane; and the double-couple response, UDC, is obtained by superposition of two perpendicular couples. Since some of the terms in the double-couple response will involve differentiation of the singlet response with respect to r, it follows that the radial dependence of the components of UDC involves only the factors Hd'), H1('), Hd')/r, H1(')/r, and Hi(')/r2.
If we assume that the receiver is at a sufficiently large distance from the epicentre, we can neglect terms which fall off more rapidly than r-* and consider only the first term of the asymptotic expansions of the Hankel functions. This will give us the displacement in the far field. If we consider the possibility of doing single-station phase velocity studies for small source-receiver distances, we should be concerned with the validity of computing initial phases from the far-field terms alone. Fig. 3 shows how large a value of kr is needed to obtain an accuracy of 0 significant figures in the moduli and arguments (or phases) of Hd') and H1('). The accuracy 0 is given by 0 = log,, (5/14)
where E is the fractional error involved in the use of only the first term of the asymptotic expansion. From Fig. 3 we see that we must have kr > 10 for 3-figure accuracy in all the amplitudes and arguments.
For 0 = 3 significant figures, the safe distance-period relationship is also given in this figure for the first four Rayleigh wave modes. For example, for the first higher mode, at a period of 100 s, we must limit ourselves to distances greater than lo00 km from the epicentre. This ensures 3-figure accuracy in the computation of the radiallydependent factors in UDC when we use only the first terms of the asymptotic expansions.
In our analysis we use only these first terms to obtain the Fourier time transform of the Rayleigh wave displacement at the free surface: 
and p is the density. The azimuthal dependence of the response is given by
The quantities di are with where a and B are the P and S wave velocities, p is the rigidity, and zij is the stress tensor (Ben-Menahem & Harkrider 1964). All of our results will be given for UrDc. The vertical component of the response, UZDC, can be obtained by applying (3) to UrDc. The values of E~ are given in Fig. 4 .
We wish to clarify one point concerning the ellipticity E~. If we adopt the far-field relation given by Ben-Menahem & Harkrider Haskell (1953) , and the first part of Harkrider (1964), z is chosen positive downward, U, leads U , by 3n/2 radians. If relation (18) is used to define E~ in this latter case, retrograde particle motion is defined by negative values of the ellipticity. Relative to the formalism given by BenMenahem & Harkrider, we should also mention a related point here, which tends to cause confusion in programming. As stated above, U, leads U , by 4 2 radians, which corresponds to U, and z being positive in the upward direction. However, the depthare to be computed from the usual Haskell (1953) formalism, in which z is positive in the downward direction.
dependent quantities [U*(~)/W(O)l, [W(N/W(O)l, [~,,*(h)/(+(O)/C)]Y and [~,,(4/(+(0)/C)]

Dip-slip focal mechanisms
Our purpose is to present Rayleigh wave response curves for pure dipslip sources, i.e. for A = 90" or 270". These are useful for explaining many of the features encountered in the processing of seismic data. It is instructive to analyse these results in some detail.
For the case of a vertical fault plane, we choose the focal parameters e = 300, s = 900, I, = 2700,
and the response is given by where
J (~~~)~~, D C
= ei(-kjr-3z/4) and we assume that E~ is positive over the period range of interest. From (20) we see that when T,,(h, o) changes sign, as the period varies, there will be jumps of 1/2 circle (z radians) in the phase and a hole in the amplitude spectrum. The apparent initial phase, arg (U,DC etkj') (Knopoff 8c Schwab 1968), can exhibit only one type offrequency dependence for dip slip associated with a vertical fault: abrupt phase shifts of 1/2 circle. In Fig. 5 , a summary of the characteristics of the first four modes and of their superposition is given for a dip-slip source at the base of the crust (h = 35 km). 
and when T,, sin 0 is less than zero For the fundamental mode ( Fig. 5(a) ), no jumps in the phase of UrDC are present. This corresponds to the fact that no changes in sign of T,,(h, w ) occur over the range of periods considered. A jump does occur at longer periods. For the first higher mode, a jump in the apparent initial phase occurs at about 20 s, and is identified by an arrow. At this period, the function T&) has a change in sign at the source depth. A second jump occurs at a period longer than those pictured. For the second higher mode, T',(h, w) has three zeros; this corresponds to an additional jump in the phase velocity. One of these jumps, at long periods, is again not visible. Similarly, an additional zero of T',(h, w) for the third higher mode, yields a total of four jumps in the apparent phase velocity. Here also, one of the jumps at longer period is not visible. The normalized amplitude spectra, i.e. with the IR(w)l dependence and geometrical spreading factor removed, are given in Fig. 5(e) , for the individual modes. As expected, we have a hole in the amplitude spectrum at the same period at which there is a jump in phase. The only hole visible is that at about 20 s for the three higher modes. At shorter periods the holes are not visible because almost all the energy is trapped in the low-velocity channel in the upper mantle; significant displacement does not extend to the surface. At these periods, the spectral amplitudes at the free surface are less than the minimum of the figure. A detailed description of these low-velocity zone channel waves, as well as the corresponding crustal waves, is given by P a m et al. (1972) .
It will be noted that the jumps in phase and the holes in the amplitude spectra occur at about 20 s for all three higher modes. At this period, the three higher modes are strongly influenced by the low-velocity zone and the function Tzx([) differs significantly among the modes in the channel. The zero crossings of T,,([), which cause the jumps at 20 s, occur at the base of the crust, where T,,([) has roughly the same depth dependence for all the higher modes.
The fundamental mode is dominant only for the longer periods. As the period decreases, the contribution from the first member of the crustal wave family, formed in turn by the third, second, and first higher modes, starts to become important. From about 9 to 5 s, the first higher mode dominates. From about 5 to 3.1 s, the amplitude of the second higher mode is largest, and then the third higher mode becomes dominant.
The small relative maximum of the third higher mode at a period of 4.8 s (dashed curve in Fig. 5(e) ) is due to the second member of the crustal wave family; this second crustal wave will become the dominant signal at a slightly shorter period, where it is represented by the second higher mode.
To this point, we have only considered isolated, individual modes, as is the usual procedure in the analysis of surface wave data. We now consider the superposition of modes, which is, of course, what we actually see on seismograms.
In Fig. 5(f) , we show the apparent phase velocity of the sum of all the modes, taking into account the amplitude and phase spectra of the various modes. This phase velocity curve can no longer be associated with only one mode. From 250 down to about 10 s, the apparent phase velocity of the combined modes is nearly the same as that of the fundamental mode. From about 9 to 5 s, the phase velocity is approximately the same as that of the first higher mode. This is expected, since this mode is dominant in this period range. Similarly, the phase velocity is near that of the second higher mode and then the third higher mode as period decreases and each of these modes becomes dominant in turn. The oscillations that occur in the regions of transition from one mode to another are due to the interference of two modes of comparable amplitude.
From the results shown in Fig. 5 (e), we see that over significant period ranges one of the modes has a much larger amplitude than all others. Since the period intervals of such dominance are relatively broad compared to the period ranges where strong interference occurs, there is still some hope for obtaining useful information from spectral analysis of the Rayleigh wave portion of the seismogram at short range. This is demonstrated by the curve in Fig. 5(f) , which is just the apparent phase velocity obtained from the phase spectrum of the Rayleigh wave portion of the seismogram. Ordinary data processing for spectral analysis should yield the sawtooth phase velocity curve illustrated. The interactions among the modes are more evident in Fig. 5(g) , where we show the amplitude spectra of the individual modes, plus the amplitude spectrum of the total waveform at two different distances. When the amplitude of the dominant mode is less than a factor of about 10 greater than that of the other modes, small oscillations are present in the spectrum of the total waveform; the amplitude of these oscillations increases as the amplitudes of the largest modes become comparable. When two modes have equal amplitudes, they can interfere either constructively or destructively, depending upon their relative phases.
In the present case, the fundamental and the first higher modes have the same amplitude and are out of phase at about 9 s, causing a deep minimum at this period for these particular values of r. At shorter periods the oscillations become smaller and centre around the amplitude of the first higher mode, which is dominant in this period range. The amplitude of the oscillations increases again near 4.7 s, where the first and second higher modes have comparable amplitudes. At this period the amplitudes of the first and second higher modes are equal but out of phase. This generates the second deep minimum in the combined amplitude spectrum. Other oscillations and minima can be similarly explained.
Although the ratio of the amplitudes of the individual modes is independent of distance, the amplitude spectrum of the total seismogram is strongly distance dependent. The spectra of pairs of individual modes computed for r = 400 and 600 km, are completely out of phase at some periods and in phase at others. Thus the spectra of seismic records at stations at different distances from the epicentre, along the same great-circle path and in the same geological structure, can be quite different at the same periods.
Figs 6,7, and 8 give the response for vertical dip-slip source mechanisms at depths of 16.5,7 and 1.5 km. The most general observation is that all features of the response -maxima, minima, and phase shifts-occur at shorter periods as source depth decreases. The fundamental mode becomes more and more dominant as h decreases: at h = 16.5 km, it dominates down to about 4 s; at h = 7 km, it is dominant over the entire period range of interest; and at h = 1*5km, the dominance increases still further except for the period range containing the amplitude hole and phase shift near 12 s.
From equation (20) we see that the azimuthal dependence of the response to dipslip motion along a vertical fault plane is given by sine. Thus the values given in Figs 5-8 for 8 = 30", are easily converted to any other value of 8: the quantity c, requires a 1/2-circle phase shift at all periods if 180" c 8 < 360", and the amplitude spectra must be multiplied by the factor 2 lsin 81.
Since the response to motion along the auxiliary plane is not distinguishable from that along the fault plane, the results given in Figs 5-8 also apply to the case of a horizontal fault plane with the upper block moving in the direction A = 90°, where we assume that the strike line of the horizontal fault plane is the same as that of the vertical plane.
